Introduction {#Sec1}
============

Determining maturity and understanding growth in a child is critical for medical and psychosocial purposes. Assessing bone age is important to investigate whether the maturity of bones is occurring at the same rate as the chronological ageing process. Furthermore, bone age assessment has a role in forensic and legal investigations when the individual's chronological age is in doubt. For example, in asylum seekers and unaccompanied minors without valid documents to prove their ages \[[@CR1]\], it is important to assess bone age using a reliable and suitable method \[[@CR2]\]. Incorrectly assessing a child as an adult leaves the child with limited access to education, healthcare and other support provided to children.

There are two approaches widely used to determine bone age from a left hand radiograph: the Greulich and Pyle (G&P) and Tanner and Whitehouse (TW) methods \[[@CR3], [@CR4]\]. The population which formed the G&P standard atlas were North American Caucasians of good socioeconomic status. The assessment process is typically based on comparing a hand-wrist radiograph of a child with the age-matched standard radiographs as contained in the atlas. The G&P method depends on comparing the overall maturational status and is known to be straightforward and quick, therefore widely used. In contrast, the TW method depends on assessing and scoring the skeletal maturity of each individual bone of the hand, hence taking a longer time than the G&P method. Since the establishment of the G&P atlas, many studies have been conducted in different parts of the world to determine whether it is applicable to different populations. This question is important, particularly given the increasing legal and illegal influx of immigrants to certain parts of Europe. This systematic review and meta-analysis aims to provide a better understanding of the applicability of the G&P atlas to children and adolescents who are of a different population from the original standard.

Materials and methods {#Sec2}
=====================

Search strategy {#Sec3}
---------------

A systematic search of the MEDLINE, Embase and Cochrane databases was conducted. We searched MEDLINE using keywords ((Greulich and Pyle)) OR Greulich Pyle, ((bone age assessment OR bone age determination)) AND left hand and refined the search to include articles in English published between 1st January 1959 and 15th February 2017. No free text was used in this search. For Embase, we used the term (Greulich and Pyle) and refined the search to include articles in English published between 1st January 1959 and 15th February 2017. We also searched the Cochrane library using the keywords (Greulich and Pyle) and the MeSH term (Age Determination by Skeleton). The search was refined to include articles in English published between 1st January 1959 and 15th February 2017. Each study's title and abstract was screened to determine whether it presented data correlating bone age assessed by the G&P with chronological age. The full text was retrieved when the reviewers could not decide on the study's eligibility from the title and abstract alone. The following exclusion criteria were then applied:Health status of participants could not be confirmed from the article or participants with developmental disorders or subjected to nutritional supplementation (these represent unhealthy children expected to show delayed or advanced bone age).Using a modified method of G&P and/or using modalities other than conventional radiographyFull text not available within the resources available to the reviewersFull text not in EnglishReview articlesWhen the mean difference between bone age (BA) and chronological age (CA) was not reported or could not be calculated by the reviewers based on the study results presented.

The search was independently carried out by two reviewers (KA and ACO), followed by a consensus meeting to agree the final selection of studies for inclusion in this review.

Quality assessment {#Sec4}
------------------

Two reviewers KA and ACO independently assessed the quality of included studies using the tool developed by the National Institute for Health and Care Excellence (NICE, Appendix G) \[[@CR5]\]. Discrepancies were resolved by discussion. The tool considers five aspects of a study: population, method of participant selection, outcomes, analysis and generalisability of the study. Then, an overall study quality grading is given to each study for internal validity (IV) and a separate grading for external validity (EV) as follows:++ All/most of the checklist criteria have been fulfilled and the conclusions are unlikely to alter.+ Some of the checklist criteria have been fulfilled; the conclusions are unlikely to alter even when they have not been fulfilled.− Few or no checklist criteria have been fulfilled, and the conclusions are likely or very likely to alter.

Data extraction {#Sec5}
---------------

A single reviewer (K.A.) extracted and recorded the following data from eligible studies:Sample size (males and females)Ethnicity or country of originMean difference and standard deviation (SD) between bone age and chronological age (BA-CA)Mean and SD of bone ageMean and SD of chronological ageAuthors' conclusionsApplicability of the standard

Given the review question, studies were divided into four groups based on major ethnic groups: African, Asian, Caucasian and Hispanic. Data for each major ethnic group were summarised and analysed separately. Some studies reported the place/country from which participants were recruited, and in such cases, the study was grouped under the major ethnicity of that country. The mean differences between BA and CA are to be interpreted as follows: a positive value indicates that the child's bone age exceeds the child's chronological age and a negative value indicates delayed bone age compared to chronological age.

Additionally, we defined four categories to reflect the applicability of the G&P standard to the studied population as follows: (a) applicable, (b) not applicable (determined by the authors' use of words identical or similar to "applicable" or "not applicable", respectively, in the study's discussion or conclusion), (c) needs some modification (authors use phrases such as, "can be used with caution" or when the standard was found to be applicable to a certain age group but not others) and (d) not clear (when the study failed to mention whether the standard was applicable, not applicable or needed modification).

Statistical analysis {#Sec6}
--------------------

A combination of random effect meta-analyses by ethnicity (African, Asian, Caucasian and Hispanic) and sex was conducted using R Software \[[@CR6]\]. Overall meta-analysis of all ethnicities was also determined. Additionally, meta-regression with covariates analysis (including sex and ethnicity as explanatory variables) was determined. Yearly interval sub-analysis of Asians aged 6 to 17 years and Caucasians aged 10 to 17 years was carried out in males and females. Other ethnicities were excluded from interval sub-analysis as the age groups were not constant between studies.

In total, 50 meta-analyses were performed using mean differences and standard deviations as summary statistics for the difference between bone age and chronological age. When a study examined more than one ethnicity, each ethnicity was treated as a separate study (only for the meta-analysis). Heterogeneity was assessed between 0 (no heterogeneity) and 100% (maximum heterogeneity) using the *I*-squared statistic. A funnel plot was determined to assess bias or the present of any systematic heterogeneity.

Results {#Sec7}
=======

This systematic review identified 907 studies of which 45 were eligible for inclusion (Fig. [1](#Fig1){ref-type="fig"}). Four additional studies were identified from the reference lists of the initial 45 extracted papers; therefore, the total number of included studies was 49 \[[@CR7]--[@CR55]\], of which 27 (55%) were related to Caucasian populations. The total number of children in the included studies was 21,081 (11,445 boys), comprising 11,194 Caucasians (5922 boys), 6776 Asians (3731 boys), 1705 Africans (1073 boys) and 1406 Hispanics (781 boys). As summarised in Table [1](#Tab1){ref-type="table"}, there was minimal risk of bias for internal validity alone in one study \[[@CR33]\], for external validity alone in five studies \[[@CR17], [@CR18], [@CR25], [@CR40], [@CR50]\] and for both internal and external validity in 12 studies \[[@CR11], [@CR20]--[@CR22], [@CR27], [@CR30], [@CR35], [@CR42], [@CR43], [@CR45], [@CR51], [@CR54]\]. There was significant risk of bias for internal validity alone in 0 studies, for external validity alone in two studies \[[@CR8], [@CR46]\] and for both internal and external validity in 2 studies \[[@CR23], [@CR29]\]. Sources of bias in these four studies requiring that their results be interpreted with caution include:Absent documentation of statistical criteria such as *p* values and/or observer reliability \[[@CR8], [@CR23]\]Insufficient detail about the source of the study population \[[@CR29]\]Non-representative samples \[[@CR46]\]Fig. 1Flow chart to show article selection processTable 1Quality assessment of the included studies (after agreement between the two assessors)Study \[Reference\]IV\*EV\*\*StudyIV\*EV\*\*Demish and Wartmann 1956 \[[@CR7]\]++Calfee et al 2010 \[[@CR32]\]++Hansman and Maresh 1961 \[[@CR8]\]+-Zafar et al 2010 \[[@CR33]\]+++Johnston 1963 \[[@CR9]\]++Santos et al 2011 \[[@CR34]\]++Andersen 1971 \[[@CR10]\]++Cantekin et al 2012 \[[@CR35]\]++++Roche et al 1971 \[[@CR11]\]++++Dembetembe and Morris 2012 \[[@CR36]\]++Wenzel et al 1984 \[[@CR12]\]++Moradi et al 2012 \[[@CR37]\]++So and Yen 1990 \[[@CR13]\]++Patil et al 2012 \[[@CR38]\]++So 1991 \[[@CR14]\]++Santoro et al 2012 \[[@CR39]\]++Loder et al 1993 \[[@CR15]\]++Soudack et al 2012 \[[@CR40]\]+++Kullman 1995 \[[@CR16]\]++Suri et al 2013 \[[@CR41]\]++Ontell et al 1996 \[[@CR17]\]+++Hackman and Black 2013 \[[@CR42]\]++++Jiménez-Castellanos et al 1996 \[[@CR18]\]+++Paxton et al 2013 \[[@CR43]\]++++Koc et al 2001 \[[@CR19]\]++Shilpa et al 2013 \[[@CR44]\]++Mora et al 2001 \[[@CR20]\]++++Awais et al 2014 \[[@CR45]\]++++Van Rijn et al 2001 \[[@CR21]\]++++Rai et al 2014 \[[@CR46]\]+-Krailassiri et al 2002 \[[@CR22]\]++++Mansourvar et al 2014 \[[@CR47]\]++Lewis et al 2002 \[[@CR23]\]\--Mughal et al 2014 \[[@CR48]\]++Chiang et al 2005 \[[@CR24]\]++Gungor et al 2015 \[[@CR49]\]++Garamendi et al 2005 \[[@CR25]\]+++Kim et al 2015 \[[@CR50]\]+++Haiter-Neto et al 2006 \[[@CR26]\]++Mohammed et al 2015 \[[@CR51]\]++++Büken et al 2007 \[[@CR27]\]++++Öztürk et al 2015 \[[@CR52]\]++Griffith et al 2007 \[[@CR28]\]++Patel et al 2015 \[[@CR53]\]++Schmidt et al 2007 \[[@CR29]\]\--Zabet et al 2014 \[[@CR54]\]++++Büken et al 2009 \[[@CR30]\]++++Maggio et al 2016 \[[@CR55]\]++Zhang et al 2009 \[[@CR31]\]++\*IV: internal validity, \*\*EV: external validity++ Indicates that the study has been designed or conducted in such a way as to minimise the risk of bias+ Indicates that either the answer to the checklist question is not clear from the way the study is reported, or that the study may not have addressed all potential sources of bias- Reserved for those aspects of the study design in which significant sources of bias may persist

Studies included in this systematic review reported the mean difference between bone age and chronological age in different forms. Twenty-nine studies (60%) \[[@CR8]--[@CR14], [@CR18], [@CR19], [@CR22], [@CR24], [@CR26]--[@CR28], [@CR30], [@CR35], [@CR36], [@CR38], [@CR41], [@CR42], [@CR44], [@CR45], [@CR48]--[@CR54]\] presented the mean difference for each year of age for each sex. In such cases, the maximum delay and advancement in bone age was extracted. Twelve studies \[[@CR15], [@CR17], [@CR20], [@CR25], [@CR31], [@CR33], [@CR34], [@CR37], [@CR39], [@CR40], [@CR46], [@CR47]\] divided their sample into subgroups, where each subgroup contains up to five age groups, e.g. children aged between 1 and 5 years old. For each subgroup, the overall mean difference for each sex is reported. Eight studies \[[@CR7], [@CR16], [@CR21], [@CR23], [@CR29], [@CR32], [@CR43], [@CR55]\] only reported the overall mean difference between bone age and chronological age, limiting the applicability of their results to individual age groups. Data relating to ethnicity or country of origin, sample size, mean BA-CA and the authors' conclusions are summarised for each study in Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}, and [5](#Tab5){ref-type="table"}.Table 2Summary of studies that assessed the reliability of the G&P atlas in Caucasian childrenStudyOrigin/ethnicityAge (years)*N*Mean BA-CA (years)Authors' conclusionApplicabilityDemish and Wartmann 1956White9--15M = 81\
F = 70M = 0\
F = 0.5There is a high positive correlation between BA and CA.ApplicableHansman and Maresh\
1961White0--18M = 27\
F = 36M = -0.33\
F = 0.75The mean BA for both sexes is equal to CA during infancy but less than CA toward adolescents.ApplicableJohnston 1963White7--17M = 388\
F = 405M = 0.40\
F = 0.20Children show significant differences between CA and BA.Needs some modificationAndersen, 1971Danish7--18M = 477\
F = 535M = 0.49\
F = -0.43BA is lower than CA, indicating that the American children mature earlier than the Danish.Needs some modificationRoche et al 1971British2--13M = 62\
F = 82M = 0.01\
F = 0.07Children matured skeletally at about the same as the G&P standard.ApplicableWenzel et al 1984Austrian7--16M = 459\
F = 178M = -0.2\
F = -0.13Major deviations between BA and CA were at and after puberty.Not clearLoder et al 1993White0--18M = 203\
F = 177M = -0.1\
F = 0.07The G&P atlas is applicable to white girls at all ages and white boys in early childhood (less than 4 years old). BA of white boys was delayed during middle and late childhood but advanced during adolescence by 5 years.Not applicableKullman, 1995Swedish12--19M = 38\
F = 34M = -0.4\
F = -0.4It is recommended to assess skeletal development using G&P.ApplicableOntell et al 1996White3--18M = 208\
F = 130M = -0.29\
F = 0.14The G&P standard is applicable to white girls at all ages, while in boys it can only be applied in adolescence.Applicable (for girls but not boys)Koc et al 2001Southeast Turkey7--17M = 225M = -0.2Mean BA was delayed between 7 and 13 years old and then advanced between 14 and 17 years. The atlas can be used with some modification.Needs some modificationMora et al 2001European American0--19M = 130\
F = 130M = 0.09\
F = -0.14Prepubertal European American children have significantly delayed BA when compared to African American children. Post-pubertal European-American males have significantly advanced BA when compared with African American males. A new standard is needed for reliable BA assessment.Not applicableVan Rijn et al 2001Dutch5--20M = 294\
F = 294M = -0.28\
F = -0.14Significant correlation between BA and CA in boys and girls. The G&P atlas is still applicable to Dutch Caucasian children and adolescents.ApplicableBuken et al 2007Turkish11--19M = 251\
F = 241M = 0.13\
F = 0.54Mean skeletal ages were significantly advanced for boys and girls between 11 and 17 years old. The cause of this acceleration might be new social and cultural factors rather than economic conditions.Needs some modificationSchmidt et al 2007Germany1--18M = 303\
F = 303M = -0.49\
F = -0.39The G&P atlas method overestimated the samples' age. This may be due to high acceleration in growth.ApplicableBuken et al 2009Turkish11--16M = 169\
F = 164M = -0.02\
F = -0.65The G&P atlas is appropriate in girls 11--15 years old and boys 11--16 years old from the Black Sea region of Turkey.Needs some modificationZhang et al 2009White0--18M = 164\
F = 163M = 0.01\
F = -0.15BA was relatively close to CA in white children.ApplicableCalfee et al 2010Caucasian12--18M = 62\
F = 76M = 0.98\
F = 0.66American children between 12 and 18 years demonstrate BA exceeding CA. Females between 12 and 15 years old are most likely to demonstrate a discrepancy of at least 2 years between BA and CA, while males demonstrate this throughout adolescence.Not clearCantekin et al 2012Eastern Turkish7--17M = 342\
F = 425M = -0.13\
F = 0.20The mean differences between BA and CA are low enough to be of no practical significance, and thus, this method can be used in all age groups within the current study.Needs some modificationSantoro et al 2012Italian7--15M = 243\
F = 261M = -0.1\
F = 0.40The G&P method is accurate, particularly in the age ranges of 7--9 years and 10.4--11.5 years.ApplicableSuri et al 2012White9--18M = 311\
F = 261M = 0.50\
F = 0.50Wide range of differences between BA and CA at each yearly age group from 9 to 18 years. Overall, the differences in skeletal and chronological age were positively correlated.Not clearHackman and Black 2013Scottish1--20M = 249\
F = 157M = -0.13\
F = -0.16The G&P atlas over-aged females from birth until 13 years of age and underestimated males from birth until 13 years of age after which point it consistently over-aged boys between 13 and 17 years of age.Needs some modificationPaxton et al 2013Australian0--18M = 276\
F = 130M = -0.12\
F = -0.30The G&P atlas is an accurate means of BA determination in Australian children.ApplicableMansourvar et al 2014White10--16M = 46M = 0.04The G&P is reliable in Caucasian males.ApplicableGungor et al 2015Turkish10--18M = 259\
F = 276M = 0.64\
F = -0.98It is appropriate to use the G&P method in southern Turkish children; however, a revision is needed for better results and to minimise errors.Needs some modificationZabate et al 2015French10--19M = 100\
F = 90M = -0.19\
F = -0.53The G&P overestimated all males and females except boys who are 12 years and girls who are 11 and 18 years old. G&P can be used on French population but not without caution because of a tendency for this method to overestimate age.Needs some modificationOzturk et al 2015Central Turkey9--17M = 186\
F = 249M = -0.10\
F = 0.90The G&P atlas was applicable to Caucasian boys of younger age groups and Caucasian girls of all ages. However, some improvement is needed.Needs some modificationEastern Turkey9--17M = 189\
F = 225M = -0.90\
F = -0.90Maggio et al 2016Western Australian0--25M = 180\
F = 180M = 0.24\
F = -0.14The G&P standard is not suitable for the determination of legal majority.Not clearA positive value of the mean difference between BA and CA indicates advanced, while a negative value indicates delayed bone age compared to chronological age*M* males, *F* femalesTable 3Summary of studies that assessed the reliability of the G&P atlas in African childrenStudyOrigin/ethnicityAge (years)*N*Mean BA-CA (years)Authors' conclusionApplicabilityLoder et al 1993African American0--18M = 249\
F = 212M = 0.28\
F = 0.51African girls were skeletally advanced by 0.4 to 0.7 years except during middle childhood. While BA for boys was only advanced during adolescence.Applicable for boys but not for girlsOntell et al 1996African American3--18M = 95\
F = 65M = 0.28\
F = 0.55African girls showed significant differences at all ages except middle childhood. G&P is applicable to African boys until adolescence.Applicable for boys but not for girlsMora et al 2001African American0--19M = 135\
F = 139M = -0.01\
F = 0.11On average, the BA of 10% of prepubertal African American children was 2 SD above the normative data in the G&P atlas. The atlas is imprecise for African American children born after 1980.Not applicableLewis et al 2002Malawian1--28M = 93\
F = 46M = -1.7\
F = -1.5The atlas is inaccurate for this group of children. Poor nutrition and chronic diseases such as malaria and diarrhoea which are endemic in Malawi are likely to be contributing factors**.**Not applicableGaramendi et al 2005Moroccan13--25M = 144M = -1.7G&P has a high error rate and therefore should not be considered as an optimal diagnostic method.Not applicableZhang et al 2009African American0--18M = 179\
F = 170M = -0.02\
F = 0.03BA was relatively close to the CA in African American children.ApplicableDembetembe and Morris 2012South African\
(black)13--19\
20--21M = 104\
M = 27M = 0.2\
M = 2.1Skeletal maturity as characterised by complete epiphyseal fusion occurred approximately 2.1 years later than G&P method. G&P is not directly applicable to African males.Not applicableMansourvar et al 2014African\
American8--15M = 47M = 1.87G&P is not reliable for assessment of children between 8 and 15 years.Needs some modificationA positive value of the mean difference between BA and CA indicates advanced, while a negative value indicates delayed bone age compared to chronological age*M* males, *F* femalesTable 4Summary of studies that assessed the reliability of the G&P atlas in Asian childrenStudyOrigin/ethnicityAge (years)*N*Mean BA-CA (years)Authors' conclusionApplicabilitySo and Yen 1990Southern Chinese11.9--12.3F = 117F = 0.6Earlier skeletal maturation was demonstrated. Such a difference was contributed to by improved socioeconomic, nutritional and sociohygienic conditions.Not clearSo and Yen 1991Southern Chinese11.9--12.3F = 117F = 0.6Earlier skeletal maturation was demonstrated. This is attributed to improved socioeconomic condition.Not clearOntell et al 1996Asian3--18M = 63\
F = 30M = -0.03\
F = 0.27The G&P standard is applicable to Asian girls at all ages, while in boys, it can only be applied from birth to 4 years old and from 7 to 13.3 years old.Applicable (for girls but not boys.)Krailassiri et al 2002Thai7--19M = 139\
F = 222M = 0.8\
F = 0.8Although the mean difference in BA and CA was equal in both sexes, males clearly differed from the G&P more frequently than females.Not applicableChiang et al 2005Taiwan7--19M = 230\
F = 140M = 0.82\
F = -0.3There is a discrepancy of more than 1 year between BA and CA in some age groups. We believe that some modification of the GP atlas is necessaryNeeds some modificationGriffith et al 2007Chinese0--18M = 650\
F = 366M = 0.25\
F = 0.15Hong Kong children appear to mature more slowly in the first decade but more quickly thereafter.Needs some modificationZhang et al 2009Asian0--18M = 165\
F = 166M = 0.41\
F = 0.24Asian children mature sooner than white children, especially between 10 and 13 years in girls and between 11 and 15 years in boys.Not clearZafer et al 2010Pakistan0--18M = 535\
F = 354M = 0.1\
F = -0.19This study suggests against the applicability of G&P in Pakistani children. Authors propose a cautious approach while employing G&P in this population to ensure appropriate clinical and medico-legal decisions.Not applicableMoradi et al 2012Iran6--18M = 303\
F = 122M = 0.37\
F = -0.04Considering the possibility of a few months' difference, the G&P atlas can be used for the Iranian population.Needs some modificationSoudack et al 2012Israeli0--18M = 375\
F = 304M = 0.16\
F = -0.04There was no discrepancy between BA and CA in Israeli girls using G&P. There were discrepancies for boys, but these were small.ApplicablePatil et al 2012India1--19M = 194\
F = 181M = 0.69\
F = 0.64G&P is not applicable to males, especially for age group 4 to 12 years. G&P is applicable to females except age groups 4--7 years, 9--10 years, 15--16 years. A new standard is needed for Indian children.Not applicableShilpa et al 2013India (Bangalore)6--15M = 124\
F = 126M = 0.18\
F = 0.29The G&P method of skeletal age estimation showed accuracy in only certain age groups in Bangalore South zone children.Needs some modificationAwais et al 2014Pakistani0--18M = 136\
F = 147M = -1.3\
F = 0.06G&P is reliable for girls in all age groups. However, G&P is not accurate for boys in whom it underestimated BA.Not applicableMansourvar et al 2014Asian American1--8M = 48M = 0.87The delay in skeletal maturity was more than 2 years for the 4--6 years' age group. Some improvement is needed to enhance the precision of G&P.Needs some modificationMughal et al 2014Pakistan4.5--9.5M = 139\
F = 81M = -1.3\
F = 0.55G&P standard significantly underestimates CA in Pakistani children between the ages of 4.5 and 9.5 years.Not applicableRai et al 2014India5--15M = 75\
F = 75M = -0.07\
F = -0.33G&P atlas underestimates CA in children aged between 5 and 9 years.Needs some modificationKim et al 2015Korean7--12M = 135\
F = 77M = -0.48\
F = -0.02G&P is applicable to Korean children aged between 7 and 12 years.ApplicableMohammed et al 2015South India9--20M = 330\
F = 330M = -0.23\
F = 0.02Mild underestimation of BA was noted in boys. G&P remains applicable to South Indian children.Needs some modificationPatel et al 2015West India6--16M = 90\
F = 90M = -0.99\
F = -0.40G&P can be used in West Indian children aged between 6 and 16 years.ApplicableA positive value of the mean difference between BA and CA indicates advanced, while a negative value indicates delayed bone age compared to chronological age*M* males, *F* femalesTable 5Summary of studies that assessed the reliability of the G&P atlas in Hispanic childrenStudyOrigin/ethnicityAge (years)*N*Mean Ba-CA (years)Authors' conclusionApplicabilityJimenez et al 1996Spanish0--14M = 139\
F = 100M = -0.31\
F = 0.04Boys show a delay of around 3 months with respect to the G&P atlas. Girls show a better fit to the corresponding (female) standard of the atlas.Not clearOntell et al 1996Hispanic3--18M = 105\
F = 69M = 0.28\
F = 0.38The G&P atlas is applicable to boys aged between 4 and 13 years and to girls except during adolescence.Needs some modificationHaiter-Neto et al 2006Brazilian7--15M = 180\
F = 180M = -0.2\
F = 0.1The means of estimated and chronologic ages were similar in all age ranges. The standards can be used with some modification.Needs some modificationZhang et al 2009Hispanic0--18M = 178\
F = 182M = 0.30\*\
F = 0.24\*Hispanic children mature sooner than the G&P atlas, especially between 10 and 13 years of age in girls and between 11 and 15 years of age in boys.Not clearSantos et al 2011Portuguese12--20M = 136\
F = 94M = 0.12\
F = 0.02The G&P atlas can be used; however, caution must be taken at the end of the growing period.Needs some modificationMansourvar et al 2014Hispanic15--18M = 43M = 0.37The G&P method is reliable in Hispanic males.ApplicableA positive value of the mean difference between BA and CA indicates advanced, while a negative value indicates delayed bone age compared to chronological age*M* males, *F* females\**p* \< 0.05

Meta-analysis based on ethnicity {#Sec8}
--------------------------------

Caucasian females: Fifteen studies were included in the meta-analysis. These 15 studies presented moderate heterogeneity (*I*-squared 76%, Fig. [2](#Fig2){ref-type="fig"}) but did not show any statistically significant results, with overall mean difference BA-CA of 0.13 years (95% CI -0.17, 0.43).Caucasian males: Seventeen studies were included in the meta-analysis. These 17 studies presented low heterogeneity (*I*-squared 22%, Fig. [2](#Fig2){ref-type="fig"}) and did not show any statistically significant results, with an overall mean difference BA-CA of -0.10 years (95% CI, -0.24, 0.04).African females: Only three studies were included in the meta-analysis. The three studies were homogeneous (*I*-squared 0%, Fig. [3](#Fig3){ref-type="fig"}) and showed statistically significant results, with overall mean difference BA-CA of 0.37 years (95% CI 0.04, 0.69).African males: Only five studies were included in the meta-analysis. The five studies presented moderate heterogeneity (*I*-squared 78%, Fig. [3](#Fig3){ref-type="fig"}) but did not show any statistically significant results, with overall mean difference BA-CA of 0.62 years (95% CI -0.01, 1.26).Asian females: Only nine studies were included in the meta-analysis. These nine studies presented low to moderate heterogeneity (*I*-squared 27%, Fig. [4](#Fig4){ref-type="fig"}) but did not show any statistically significant results, with overall mean difference BA-CA of -0.10 years (95% CI -0.32, 0.12).Asian males: Ten studies were included in the meta-analysis. The studies were highly heterogeneous (*I*-squared 82%, Fig. [4](#Fig4){ref-type="fig"}) but did not show any statistically significant results, with overall mean difference BA-CA of 0.15 years (95% CI -0.30, 0.59).Hispanic females: Only two studies were included in the meta-analysis. The two studies presented no heterogeneity (*I*-squared 0%, Fig. [5](#Fig5){ref-type="fig"}) and did not show any statistically significant results, with overall mean difference BA-CA of 0.19 years (95% CI -0.23, 0.61).Hispanic males: Only three studies were included in the meta-analysis. The three studies presented low heterogeneity (I-squared 11%, Fig. [5](#Fig5){ref-type="fig"}) but did not show any statistically significant results, with overall mean difference BA-CA of -0.11 years (95% CI -0.41, 0.19). Fig. 2Forest plot of Caucasians (females and males) Fig. 3Forest plot of Africans (females and males) Fig. 4Forest plot of Asians (females and males) Fig. 5Forest plot of Hispanics (females and males)

In regard to the meta-regression, the coefficient for the Africans showed statistical significance with estimate being (*p* \> 0.05) (Supplementary Table [2](#MOESM1){ref-type="media"}).

Meta-analyses by yearly interval (see also Supplementary Tables [3](#MOESM1){ref-type="media"} to [6](#MOESM1){ref-type="media"} and Supplementary Figs. [1](#MOESM1){ref-type="media"} to [5](#MOESM1){ref-type="media"}) {#Sec9}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

For Caucasian males, seven studies were included \[[@CR9], [@CR19], [@CR27], [@CR30], [@CR35], [@CR41], [@CR52]\]. These studies did not show any statistically significant results. The mean difference BA-CA ranged from -0.32 years (at 13 years old) to 0.44 years (at 17 years old). For Caucasian females, six studies were included \[[@CR9], [@CR27], [@CR30], [@CR35], [@CR41], [@CR52]\]. These studies did not show any statistically significant results, with mean difference BA-CA ranging from -0.20 (at 10 years old) to 0.34 (at 14 years old).

For Asians, five studies were included \[[@CR24], [@CR28], [@CR38], [@CR51], [@CR53]\]. The studies did not show any statistically significant results in females, with mean BA-CA ranging from -0.27 (at 6 years old) to 0.50 years (at 15 years old). In males, however, the studies showed statistically significant results for the following ages:Six years: overall mean difference BA-CA of -1.08 years (95% CI -1.49, -0.67)Seven years: overall mean difference BA-CA of -1.35 years (95% CI -1.85, -0.85)Eight years: overall mean difference BA-CA of -1.07 years (95% CI -1.97, -0.17)Nine years: overall mean difference BA-CA of -0.80 years (95% CI -1.43, -0.18)Seventeen years: overall mean difference BA-CA of 0.50 years (95% CI -0.08, 0.93)

Based on the results of the yearly interval meta-analysis, we produced graphs for Asians and Caucasians of both sexes (Fig. [6](#Fig6){ref-type="fig"}), which show BA according to our meta-analysis compared to BA as assessed by the G&P atlas.Fig. 6G&P bone age after adjustment based on meta-analysis (females and males)

Discussion {#Sec10}
==========

Bone age assessment is a frequently employed and (in the clinical setting) useful diagnostic technique. Its utility in assessing the age of immigrants and asylum seekers is less secure. Figures from the European Commission estimated that in 2016, about 95,000 unaccompanied minors migrated to Europe, of which more than half were Asians \[[@CR1]\]. Although there are no exact figures, many of these immigrants were without valid documents to prove their age. Being unable to prove age, or incorrectly assessing a child as an adult, can restrict the child from having access to their rights such as healthcare and education \[[@CR56]\] granted by the law in European countries. Hence, it is important that reliable age estimation methods are used.

Concerned with the reliability of the G&P atlas for different ethnic populations, we considered it important to ascertain its applicability to healthy children. Additionally, bias in studies can result in poor reproducibly and/or lead to distorted results and wrong conclusions. However, in this systematic review, results of the four studies with high risk of bias \[[@CR8], [@CR23], [@CR29], [@CR46]\] had little impact on (the statistical significance of) our results. This is because the population of these studies contributed less than 5% to the total included population in which only two studies \[[@CR8], [@CR29]\] were included in the meta-analysis, which reduced their impact on sample size and results. A funnel plot shows the absence of a large study with high power as most of the studies scattered toward the bottom; however, minimal risk of publication bias was observed among the studies with three studies switched from the funnel plot (Supplementary Fig. [6](#MOESM1){ref-type="media"}) \[[@CR47], [@CR48], [@CR52]\].

The G&P atlas appears to be applicable to Caucasians, although some recent studies (included in the meta-analysis) have reported that bone age is advanced compared to chronological age in girls up to 13 years old and in boys aged 10 years and above, possibly highlighting the fact that children nowadays are maturing faster than when the atlas was established \[[@CR32], [@CR42]\]. Calfee et al \[[@CR32]\] assessed the bone age of predominately Caucasian American adolescents (where the G&P atlas was developed). Their skeletal maturation exceeded their chronological age indicating advanced bone age. Perhaps this should not be surprising as Himes \[[@CR57]\] reported that skeletal maturation increases by about 0.22 to 0.66 years per decade.

This systematic review and meta-analysis showed no significant difference between BA and CA in Caucasians, which indicates that the G&P atlas is applicable to this group. This is in line with an earlier meta-analysis conducted by Serinelli et al \[[@CR58]\] in which no significant difference between BA and CA were found. Note that Serinelli et al included a smaller number of studies; only reported the overall mean difference between BA and CA and did not account for individual age groups.

Concerning the Asian population, three studies recruited Asians living in America \[[@CR17], [@CR31], [@CR47]\] while the remaining 17 studies were all carried out in Asia. It seems that skeletal maturation does not conform to the G&P standard at least for some of those who live in East and South Asia. In boys, delay in skeletal maturity during early and middle childhood was followed by advancement during adolescence. Our meta-analysis confirms that there are significant differences between BA and CA in Asian males in two age categories: those aged 6 to 9 years and those aged 17 years. These differences are larger than the standard deviations reported in the G&P atlas for the corresponding age group (± 0.77, ± 0.84, ± 0.90 years at age of 6, 7, 8, and 9 years, respectively), which may have an impact on patient diagnosis and management. In the clinical context, a healthy Asian boy in early childhood could be misdiagnosed as having delayed bone age when using the G&P atlas. The significant advancement in BA compared to CA in Asian males at age 17 is important because this is a critical age in the forensic/legal context, with the individual judged by adult standards in certain legal instances \[[@CR59]\].

The G&P standard also seems to be imprecise for Africans. Our meta-analysis of three papers \[[@CR17], [@CR20], [@CR47]\] showed significant advancement in bone age of females at all ages (*p* \< 0.01). Results from meta-regression with covariates support this difference with BA in Africans being statistically different (Fig. [3](#Fig3){ref-type="fig"}). Although our meta-analysis did not show significant difference between BA and CA in African males, some studies reported significant advancement (*p* \< 0.01) in adolescence among African American males \[[@CR15], [@CR17], [@CR47]\]. Concerning those living in Africa, some studies have shown retardation of bone age among males and females \[[@CR23], [@CR25], [@CR36]\]. It is difficult to attribute these variations between Africans only to differences in socioeconomic status, as they were not reported across all studies.

In contrast, the G&P standard appears appropriate for the Hispanic population until adolescence. Our meta-analysis shows no significant difference between BA and CA although only three studies were included \[[@CR17], [@CR18], [@CR47]\]. However, Zhang et al, reported that the G&P significantly overestimated males aged between 10 and 13 years \[[@CR31]\].

In the current review, a final analysis was performed combining Asians and Hispanics in order to compare our results to those of Serinelli et al, who used the Cavalli-Sforza classification of ethnicity \[[@CR60]\], in which Asians and Hispanics are under one ethnic group (Mongoloid). Our meta-analysis of Asian Hispanics for both females and males showed no significant results (Suppl. Fig.[6](#MOESM1){ref-type="media"}). This is in contrast to Serinelli's meta-analysis, in which the G&P atlas significantly overestimated chronological age \[[@CR58]\]. However, Serinelli et al included only three papers for the Mongoloid population: one related to the Asian population and two to the Hispanic population. One of these latter two studies \[[@CR61]\] was excluded from the current systematic review because it included unhealthy children. We therefore believe our results to be more robust.

The major limitation identified in this review is the difficulty in separating ethnicity from socioeconomic status. Relatively few studies reported the socioeconomic status of their sample \[[@CR9]--[@CR12], [@CR20], [@CR22], [@CR26], [@CR27], [@CR30], [@CR31], [@CR38], [@CR42], [@CR46], [@CR48], [@CR51]\]. Children in these studies seemed to follow the same pattern of advancement and delay in bone age as their peers of the same ethnicity in other studies. When bone age is accelerated, new social and cultural factors rather than economic conditions have been suggested to be the main drive \[[@CR27]\]. However, our results suggest ethnicity should also be considered when assessing bone age. A further limitation of the study is the failure to calculate the mean absolute and root mean square errors, which might have further confirmed the accuracy of the G&P atlas in relation to each population. However, the mean of each variable (BA and CA) was only available for 13 studies \[[@CR18], [@CR19], [@CR24], [@CR26]--[@CR28], [@CR35], [@CR38], [@CR49]--[@CR53]\], and for these 13 studies, individual observations were not provided; therefore, the mean error could not be calculated.

Conclusion {#Sec11}
==========

This systematic review revealed that the ethnicity/origin of the child can influence the applicability of the G&P standard. The G&P standard is imprecise and should be used with caution in Asian and African populations, particularly when assessing age for forensic/legal purposes. Some caution is also required for Hispanics (particularly males). The G&P atlas can be used with most confidence in Caucasians. There is a complex inter-relationship between the impacts of socioeconomic status and ethnicity on bone age using the G&P atlas, which no study has clearly set out to address. Although the graphs in Fig. [6](#Fig6){ref-type="fig"} may be helpful, until new ethnicity-related standards are created, clinicians should be aware of the limitations of the G&P method presented in this review.
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